Introduction
============

A growing body of work focused on understanding the neurobiological bases of cognitive impairment in schizophrenia suggests that changes in the function of a single brain region, or even a brain system, cannot explain the functional impairments seen in this illness. Instead, research has increasingly focused on understanding the integrity of neural circuits that work together to support sensory, cognitive, and emotional processes (Calhoun et al., [@B16]). This approach to understanding schizophrenia is consistent with the hypothesis that this illness reflects a "dysconnection" syndrome (Stephan et al., [@B80]). Much of this work has focused on examining different aspects of functional brain connectivity, either when the individual is at rest, or when the individual is performing a specific task (e.g., working memory). Both types of studies have provided robust evidence for altered functional connectivity in schizophrenia (Brown and Thompson, [@B15]). However, few studies have examined functional connectivity in schizophrenia across both resting and active task states. As such, it is difficult to know to what degree such impairments are state dependent or reflective of more fundamental and stable changes in brain organization in schizophrenia. Thus, the goal of the current study was to examine functional brain connectivity in known neural networks during rest and during different working memory loads in individuals with schizophrenia, their siblings, and healthy controls.

Functional brain connectivity is an approach to understanding brain function that examines the covariance in activity across brain regions. One common approach to assessing connectivity is to use blood oxygen level dependent (BOLD) timeseries acquired using fMRI (often referred to as fcMRI), either while the person is resting or while the person is engaged in a particular task. FcMRI data can be analyzed in a variety of ways, including hypothesis driven approaches that start with the identification of one or more regions of interest (ROIs) and either examine the covariance of a timeseries from this region with all other voxels in the brain or with the timeseries from specific other ROIs. Alternatively, one can use a more data driven approach, such as independent components analysis, that identifies groups of brain regions showing covarying timeseries at differing spatial scales. One hypothesis about the meaning of fcMRI is that it identifies brain regions that have a history of "working together" and that likely reflect a combination of both structural connectivity and more indirect connections (Fair et al., [@B29],[@B30],[@B31]; Dosenbach et al., [@B26]). It is conceptually similar to other measures of assessing coordinated activity across the brain, such as EEG coherence, but differs in the time scale (on the order of seconds for fcMRI versus milliseconds for EEG coherence) and spatial resolution (higher for fcMRI than EEG coherence).

As noted above, numerous studies have now examined functional brain connectivity in schizophrenia during rest states. Several of these studies have examined characteristics of functional brain connectivity using graph theoretic approaches. These studies have found evidence for altered "small-world" network characteristics in schizophrenia, including reduced efficiency, increased path lengths, and reduced clustering coefficients (Bassett et al., [@B6]; Liu et al., [@B53]; Lynall et al., [@B55]; Yu et al., [@B94]). Other work has provided evidence for reduced global brain connectivity in dorsolateral prefrontal regions (Cole et al., [@B19]). Additional studies have focused on specific brain networks. For example, our previous work has examined connectivity within and between four replicable brain networks thought to be critical for cognitive function; (1) a "default mode" network (DMN; Damoiseaux et al., [@B21]; Raichle and Snyder, [@B70]) consisting of brain regions that reduce their activity during active cognitive demands; (2) a dorsal fronto-parietal network (FP) activated by a range of cognitive control tasks (Dosenbach et al., [@B27], [@B25], [@B24]; Fair et al., [@B30]); (3) a cingulo-opercular network (CO) thought to be involved in task set maintenance and error processing (Dosenbach et al., [@B27], [@B25], [@B24]; Fair et al., [@B30]; Becerril et al., [@B8]); and (4) a cerebellar network (CER) that shows error related activity in many different types of tasks (Dosenbach et al., [@B27], [@B25], [@B24]; Fair et al., [@B30]; Becerril et al., [@B8]). We found intact connectivity within each of these four networks among individuals with schizophrenia and their siblings, but reduced connectivity between all three control networks (FP, CO, and CER). Other studies have also found abnormal resting state connectivity in regions involved in the FP, CO, and CER networks (Zhou et al., [@B96]; Jafri et al., [@B46]; Welsh et al., [@B87]; Bassett et al., [@B7]; Woodward et al., [@B92]; Zalesky et al., [@B95]; Tu et al., [@B86]). Although we did not find functional connectivity changes with the DMN or between the DMN and other networks, other studies have found such alterations (Bluhm et al., [@B10], [@B11]; Jafri et al., [@B46]; Whitfield-Gabrieli et al., [@B89]; Mannell et al., [@B57]; Rotarska-Jagiela et al., [@B74]; Salvador et al., [@B76]; Camchong et al., [@B17]; Chai et al., [@B18]).

Because these studies have measured connectivity at "rest," the typical interpretation has been that these changes in schizophrenia represent stable alterations in brain connectivity. However, one of the challenges of studying "rest" states is that connectivity changes could reflect differences in the cognitive states of the individuals, rather than stable structural or functional changes in brain connectivity. For example, if there were systematic differences in what individuals with schizophrenia were thinking about during rest (e.g., related to delusional or hallucinatory material, etc.; Sutton, [@B83]) or even during task states, this could lead to the appearance of altered functional connectivity. If such resting state changes in connectivity were due to such confounds, one might expect group differences in connectivity to be reduced (or at least altered) when participants were asked to engage in a specific task that imposed structure on the mental state of the individual. In contrast, if similar patterns of altered connectivity were found in resting state and during cognitive task performance in schizophrenia, it would provide support to the hypotheses that such connectivity changes reflect fundamental alterations in brain connectivity.

A number of studies have also examined functional connectivity during structured cognitive tasks in schizophrenia. A few of these studies have provided evidence for altered small-world characteristics during task states (Micheloyannis et al., [@B61]; Yu et al., [@B94]). However, most task-based functional connectivity studies have focused on specific regions or brain networks. These studies have provided evidence for alterations in functional connectivity across a range of tasks (Anticevic et al., [@B3]; Diaconescu et al., [@B23]; Fornito et al., [@B37]; Mukherjee et al., [@B62]), with working memory paradigms receiving the greatest focus. These studies have provided further evidence for connectivity changes in regions associated with the DMN, FP, CO, and CER networks, though the specific patterns of increased and decreased connectivity in schizophrenia have varied across studies (Meyer-Lindenberg et al., [@B59], [@B60]; Schlosser et al., [@B77],[@B78]; Barch and Csernansky, [@B5]; Crossley et al., [@B20]; Henseler et al., [@B43]; Kang et al., [@B47]; White et al., [@B88]). Several of studies have either examined connectivity during a single task condition or integrated across conditions (Schlosser et al., [@B77],[@B78]; Barch and Csernansky, [@B5]; Crossley et al., [@B20]; Wolf et al., [@B91]), or found similar pattern of connectivity across task conditions (Meyer-Lindenberg et al., [@B59]). Such results could be consistent with the hypothesis that functional connectivity changes in schizophrenia reflect stable changes in brain connectivity. However, without a specific comparison to resting state conditions or between very different task conditions, it is difficult to know whether these are more state or trait related changes. Other studies have found evidence for different patterns of functional connectivity during different working memory task conditions (e.g., as a function of load, stimulus type, or task phase; Meyer-Lindenberg et al., [@B60]; Henseler et al., [@B43]; Kang et al., [@B47]; Rasetti et al., [@B71]). Such findings suggest that functional connectivity changes could reflect differences in task engagement or responsivity of brain networks to modulation, rather than stable changes that persist across all task states.

What is needed to help address these questions is a systematic examination of functional connectivity in schizophrenia across rest and across different task states to assess the degree to which altered functional connectivity reflects a trait like characteristic that is present regardless of the mental or behavioral state of the individual, or whether connectivity changes vary as a function of task demands. One previous fMRI study tried to examine this question in schizophrenia, comparing global brain connectivity across verb generation, an *N*-back working memory task, and rest (Salomon et al., [@B75]). These researchers found wide spread evidence for reduced functional connectivity, with the greatest differences during rest. However, interpretation of the results of this study are dramatically limited by the very small sample sizes, the fact that the same individuals did not participate in both the task and resting state experiments (meaning that state differences could reflect person differences), and by the failure to assess a number of potential methodological confounds (e.g., increased movement in patients). An EEG connectivity study also examined graph theoretic measures during rest and during a working memory task in schizophrenia. These researchers found reduced cluster coefficients among schizophrenia individuals during both rest and task in the alpha, beta and gamma bands, but only found increased path lengths during rest states (Micheloyannis et al., [@B61]).

The goal of the current study was to address questions related to the state dependence of functional connectivity changes in schizophrenia by comparing functional connectivity within and between four brain networks (DMN, FP, CO, and CER) during rest and during three different levels of working memory load between individuals with schizophrenia, their siblings, and healthy controls. We focused on working memory because of the consistent evidence for impairment in this cognitive domain in schizophrenia (Forbes et al., [@B36]), the fact that the largest number of task-based connectivity studies in schizophrenia have focused on working memory, and due to existing previous work in healthy individuals examining connectivity changes as a function of memory load during working memory. Specifically, Newton et al. ([@B64]) recently demonstrated that brain regions within the FP and DMN networks showed increases in functional connectivity as working memory load increased, suggesting dynamic modulation of functional coupling among brain regions as task demands changes. We predicted that if functional connectivity changes in schizophrenia reflect stable changes in brain connectivity, we should see similar patterns of functional connectivity alterations across rest and across working memory loads. However, if at least some functional connectivity changes in schizophrenia reflect a failure to appropriately modulate brain networks as a function of changing task demands, then we may see increases in functional connectivity alterations in schizophrenia with increasing memory load or control demands.

Materials and Methods {#s1}
=====================

Participants
------------

The participants (Table [1](#T1){ref-type="table"}) for this study were recruited through the Conte Center for the Neuroscience of Mental Disorders (CCNMD) at Washington University School of Medicine in St. Louis included: (1) individuals with DSM-IV Schizophrenia (SCZ; *N* = 19); (2) the non-psychotic siblings of individuals with schizophrenia (SCZ-SIB; *N* = 28); (3) healthy controls (CON; *N* = 10); and (4) the siblings of healthy controls (CON-SIB; *N* = 17). Siblings were full siblings, based on self-report. These participants were a largely overlapping subset of participants reported on in our previous paper on resting state connectivity (Repovs et al., [@B73]) who had both resting state connectivity data and *N*-back working memory data. All participants gave written informed consent for participation and all participants had been included in our previous report on resting state functional connectivity changes in schizophrenia (Repovs et al., [@B73]). The average duration of illness for the individuals with schizophrenia was 4.79 (SD = 2.98). Fifteen of the individuals with schizophrenia were taking atypical antipsychotics, and four were taking both typical and atypical antipsychotics.

###### 

**Demographic, clinical, and performance characteristics of study participants**.

  Measure                             Group                                                      
  ----------------------------------- ------- ------ ------- ------ ---------- ------ ---------- ------
  Age                                 24.3    2.7    22.6    2.8    24.4       3.4    24.2       3.6
  Gender (% male)                     60             61             72                58         
  Education                           15      1.8    13.9    1.6    12.3       1.9    13.4       2.5
  Parental education                  15.3    1.7    14.4    1.5    14.2       2.1    15         2.3
  Negative symptoms\*                 −0.42   0.20   −0.33   0.42   1.13^a^    0.75   −0.13      0.53
  Positive symptoms\*                 −0.51   0.10   −0.32   0.41   1.08^a^    1.10   −0.27      0.30
  Disorganization symptoms\*          −0.33   0.28   −0.26   0.25   0.73^a^    0.98   −0.15      0.35
  ***N*-BACK PERFORMANCE**                                                                       
  0-back accuracy                     0.81    0.05   0.88    0.04   0.72       0.03   0.83       0.03
  1-back accuracy                     0.82    0.04   0.87    0.03   0.68       0.03   0.83       0.03
  2-back accuracy                     0.80    0.06   0.86    0.05   0.64       0.04   0.76       0.04
  **NEUROPSYCHOLOGICAL ASSESSMENT**                                                              
  IQ^∧^                               0.21    0.54   −0.42   0.76   −0.91^a^   0.67   −0.34      0.76
  Working memory^∧^                   0.82    0.66   0.53    0.56   −0.52^a^   0.63   0.23^c^    0.72
  Episodic memory^∧^                  0.74    0.84   0.44    0.53   −0.89^a^   0.44   −0.03^b^   0.57
  Executive function^∧^               −0.76   0.38   0.55    0.39   −0.38^a^   0.85   −0.14^b^   0.47

*The four groups did not differ significantly in age \[F(3, 70) = 1.2, *p* \> 0.10\], parental education \[F(3, 70) = 0.96, *p* \> 0.50\], gender (*X*^2^ = 2.5, *p* \> 0.4), or race (*X*^2^ = 7.2, *p* \> 0.3). The groups did differ in personal education \[F(3, 70) = 4.06, *p* \< 0.05\], with the SCZ having fewer years of education than CON. The Ns for SCZ and SCZ-SIB and for CON and CON-SIB are not identical given that some participants were excluded for failure to complete the entire protocol or excessive movement. Of the 101 participants aged 18 or older from whom we collected resting state data, there were 12 who had to be excluded for poor quality imaging data (4 SCZ, 4 SCZ-SIB, 1 CON, and 3 CON-SIB) and 15 who were excluded because they did not have *N*-back data (6 SCZ, 3 SCZ-SIB, 5 CON, and 1 CON-SIB)*.

*\*Symptom scores are reported in *Z* scores relative to the mean of the entire sample. See Section ["Materials and Methods"](#s1){ref-type="sec"} for details. One-way ANOVAs indicated significant group differences for positive \[F(3, 70) = 25.14, *p* \< 0.001\], negative \[F(3, 70) = 3 − 0.88, *p* \< 0.001\], and disorganization \[F(3, 70) = 13.57, *p* \< 0.001\] symptoms. ^a^*Post hoc* contrasts using Tukey's HSD indicated that the SCZ had higher scores on all three symptom domains, with no significant differences among the remaining groups*.

*^∧^Cognitive scores are reported in *Z* scores relative to the mean of the entire sample. See Section ["Materials and Methods"](#s1){ref-type="sec"} for details. One-way ANOVAs indicated significant group differences for IQ \[F(3, 70) = 5.69, *p* \< 0.001\], working memory \[F(3, 70) = 12.06, *p* \< 0.001\], episodic memory \[F(3, 70) = 23.7, *p* \< 0.001\], and executive function \[F(3, 70) = 11.96, *p* \< 0.001\]. ^a^*Post hoc* contrasts using Tukey's HSD indicated that the SCZ participants had worse performance in all four cognitive domains than CON and CON-SIB. ^b^SCZ-SIB performed worse than CON on executive function and episodic memory, and showed a ^c^trend for reduced performance on working memory (*p* \< 0.10)*.

All subjects were diagnosed on the basis of a consensus between a research psychiatrist who conducted a semi-structured interview and a trained research assistant who used the Structured Clinical Interview for DSM-IV Axis I Disorders (First et al., [@B34]). Participants were excluded if they: (a) met DSM-IV criteria for substance dependence or severe/moderate abuse during the prior 6 months; (b) had a clinically unstable or severe medical disorder; (c) had a history of head injury with documented neurological sequelae or loss of consciousness; or (d) met DSM-IV criteria for mental retardation.

The individuals with schizophrenia were all outpatients, and were stabilized on antipsychotic medication for at least 2 weeks. Controls were required to have no lifetime history of Axis I psychotic or mood disorders and no first-degree relatives with a psychotic disorder. Potential SCZ-SIB subjects were excluded if they had a lifetime history of any DSM-IV Axis I psychotic disorder, but not other DSM-IV Axis I disorders. CON-SIB subjects were enrolled in an identical manner to SCZ-SIB subjects, and met the same general and specific inclusion and exclusion criteria, other than the requirement to have a sibling with schizophrenia. The siblings of healthy controls had the following diagnoses: (1) previous substance abuse (*N* = 4, 24%); (2) previous substance dependence (*N* = 1, 6%); (3) major depression (*N* = 3, 18%); and (4) social phobia (*N* = 1, 6%). The siblings of schizophrenia patients had the following diagnoses: (1) previous substance abuse (*N* = 6, 21%); (2) previous substance dependence (*N* = 2, 7%); (3) bipolar II disorder (*N* = 1, 7%); (4) major depression (*N* = 6, 21%); (5) social phobia (*N* = 1, 7%); and (6) PTSD (*N* = 1, 7%).

Clinical and cognitive assessments
----------------------------------

Psychopathology and cognitive function outside of the MR scanner were assessed as previously described (Delawalla et al., [@B22]; Harms et al., [@B42]) and as described in the Supplemental Materials. Scores for each symptom domain and each cognitive domain are shown in Table [1](#T1){ref-type="table"}.

fMRI scanning
-------------

All scanning occurred on a 3T Tim TRIO Scanner at Washington University Medical School. Functional images (BOLD) were acquired using an asymmetric spin-echo, echo-planar sequence \[T2^\*^; repetition time (TR) = 2500 ms, echo time (TE) = 27 ms, field of view (FOV) = 256 mm, flip = 90°, voxel size = 4 mm × 4 mm × 4 mm\]. Resting state data were acquired from each participant for two BOLD runs in which participants rested quietly with their eyes closed. Each run contained 164 images, for a total of 328 images and 13.7 min of resting state activity. Working memory task data were acquired from each participant in three BOLD runs, each consisting of two blocks of 0-back, 1-back, or 2-back working memory task. Each run consisted of 137 images (105 of them acquired during task performance), for a total of 411 images (315 acquired during task performance) and 17.1 min of scanning (13.1 min of task performance). In addition, a T1 structural image was acquired using a sagittal MP-RAGE 3D sequence (TR = 2400 ms, TE = 3.16 ms, flip = 8°; voxel size = 1 mm × 1 mm × 1 mm).

*N*-back working memory task
----------------------------

All subjects performed one run of each of three levels of an "*N*-back" working memory task in which their task was to respond for each letter shown whether it was the same as a pre-specified letter (e.g., "X"; 0-back), the same as the immediately preceding letter (1-back), or the same as the letter shown two trials previously (2-back). Each of the memory loads was performed for two task blocks within the same run and the order of runs was counterbalanced across participants. The task followed a mixed state-item design. Each block started with a cue shown for 2.5 s indicating the *N*-back condition, followed by letters presented one at a time for 2.5 s each. The delay between items was variable with the following proportion of delays 1 TR: 5%, 2 TR: 31%, and 3 TR: 64%. Each task block contained 21 trials and lasted for a total of 105 s. Each run started with 25 s of fixation, and each task block was followed by a 45 s fixation block.

fcMRI data preprocessing
------------------------

Basic imaging data preprocessing included: (1) Compensation for slice-dependent time shifts; (2) Removal of first five images from each run during which BOLD signal was allowed to reach steady state; (3) Elimination of odd/even slice intensity differences due to interpolated acquisition; (4) Realignment of data within and across runs to compensate for rigid body motion (Ojemann et al., [@B66]); (5) Intensity normalization to a whole brain mode value of 1000; (6) Registration of the 3D structural volume (T1) to the atlas representative template in the Talairach coordinate system (Talairach and Tournoux, [@B84]) using a 12-parameter affine transform; and (7) Co-registration of the 3D fMRI volume to the structural image and transformation to atlas space using a single affine 12-parameter transform that included a re-sampling to a 3-mm cubic representation.

To improve signal-to-noise, remove baseline, possible sources of spurious correlations, and task structure, all images were further preprocessed in steps that included: (1) spatial smoothing using a gaussian kernel with three voxels FWHR, (2) high-pass filtering with 0.009 Hz cutoff frequency[^1^](#fn1){ref-type="fn"}, (3) removal of nuisance signal that included six rigid body motion correction parameters, ventricle, white matter, and whole brain signals, as well as their first derivatives. In task data the additional regressors included sustained task activity, modeled using assumed-response Boynton HRF function (Boynton et al., [@B14]), and transient response activity, modeled as unassumed response spanning nine frames. Task response was modeled separately for each of the task levels. All connectivity analyses were conducted on residual timeseries after removal of listed regressors.

A frequent confound in imaging studies with clinical populations is that the clinical group moves more, which can lead to lower signal-to-noise ratio (SNR) in the acquired resting state data, and perhaps also apparent reductions in connectivity. Thus, we took two approaches to addressing movement-related confounds. First, we directly compared the four groups on average SNR during the resting state runs and during the working memory runs. SNR was computed as the mean value for each slice across each run, divided by the standard deviation across the frames in the run. We then averaged the SNR values across slices and runs within either resting state or working memory. We used a repeated measures ANOVA with condition (rest versus task) as a within subject factor, and genetic liability as a between subject factor. There was a significant main effect of condition \[*F*(1, 70) = 20.4, *p* \< 0.001\], with lower SNR in rest versus task. This finding is consistent with the fact that movement tends to increase the longer individuals are in the MR scanner, and participants completed the resting state scans after the working memory scans. There was no significant main effect of genetic liability \[*F*(3, 70) = 1.3, *p* = 0.27\], and no significant interaction between condition and genetic liability \[*F*(3, 70) = 2.2, *p* = 0.09\]. Second, as a last preprocessing step, frames with excessive movement and movement-related intensity changes were identified and excluded from further analysis. Bad frames were identified following a modified procedure suggested by Power et al. ([@B69]) as those that met at least one of the two criteria. First, frames in which sum of the displacement across all six rigid body movement correction parameters exceeded 0.5 mm were identified. Second, root mean square (RMS) of differences in intensity between the current and preceding frame was computed across all voxels and divided by mean intensity. Frames in which normalized RMS was more than 1.6 the median across the run were identified. The identified frames, one preceding and two following frames were then marked for exclusion in computation of functional connectivity. A repeated measures ANOVA for the percentage of eliminated frames, with run type (rest, working memory) as a within subject factor and group (SCZ, SCZ-SIB, CON, CON-SIB) as a between subject factor, indicated a main effect of group \[F(3, 70) = 3.98, *p* \< 0.05\], but no main effect of run type \[F(1, 70) = 0.02, *p* \> 0.5\] and no interaction between group and run type \[F(3, 70) = 0.43, *p* \> 0.5\]. *Post hoc* tests using Tukey's HSD indicated that SCZ (*M* = 9.4%, SD = 7.7%) had more eliminated trials than CON-SIB (*M* = 1.6%, SD = 2.2%), but no further significant differences from either SCZ-SIB (*M* = 6.2%, SD = 9.11%) or CON (*M* = 3.6%, SD = 3.0%).

For resting state data, the two BOLD timeseries (excluding the first five frames) were concatenated to form a single timeseries. For task-based data, only task-related parts of the BOLD timeseries were used. Due to the delay in HRF, the first three frames after task onset were excluded, and one frame after the end of task block were included in the timeseries. The initial BOLD preprocessing was accomplished using in-house software, fcMRI preprocessing and analyses described below were performed using custom Matlab (The Mathworks, Natick, Massachusetts) code.

Network region definition
-------------------------

We examined regions included in the DMN as defined by Fox et al. ([@B38]), and regions included in the FP, CO, and CER networks as defined by Dosenbach et al. ([@B25]). To control for individual anatomical variability, ROI were defined for each individual in two steps. First, we created spherical ROIs in standard Talairach space centered on the reported coordinates for each region (Figure [1](#F1){ref-type="fig"}; Table S1 in Supplementary Material) and 15 mm in diameter. Second, we masked the resulting group ROIs with the individual FreeSurfer (<http://surfer.nmr.mgh.harvard.edu>, version 4.1.0) segmentation of a high-resolution structural image that was previously registered to standard Talairach space, excluding any voxels within the group defined ROIs that did not represent the relevant gray matter (cerebral cortex, cerebellar cortex, hippocampus, thalamus) in the specific individual, as defined by FreeSurfer (Fischl et al., [@B35]). Given that we used *a priori* ROIs, we conducted a number of analyses in the control subjects using these ROIs to validate the expected pattern of connectivity within and between these four networks. The results of these analyses are presented in the supplement.

![**Figure illustrating the location of regions within each of the four networks**. Regions of the Frontal--Parietal network (FP) are marked in green, the Cingulo-Opercular network (CO) in yellow, the Default Mode Network (DMN) in blue, and the Cerebellar network (CER) in red.](fnhum-06-00137-g001){#F1}

Data analysis
-------------

We extracted the time series for each of the ROIs described above and computed the ROI--ROI correlation matrix for each participant, separately for resting state (R), and 0-back (0B), 1-back (1B) and 2-back (2B) task-based data. We then converted correlations to Fisher *z*-values using Fisher *r*-to-*z* transform and computed the average connectivity (mean Fisher *z*-value) across all ROI--ROI connections within each of the four networks, and computed the average connectivity across all ROI--ROI connections between each network. We denoted within-network averages as wDMN, wFP, wCO, and wCER, and between network connectivity averages as bDMN-FP, bDMN-CO, bDMN-CER, bFP-CO, bFP-CER, and bCO-CER. We estimated group-level statistical significance by using the resulting Fisher-*z* values as the dependent measure in the second-level analysis.

To compare the groups and assess the effect of task on connectivity within and between networks we analyzed the results in two phases. First, we focused on comparison between rest and task (0B), and second, on the effect of working memory load (0B, 1B, 2B) in both cases using separate mixed design ANOVAs for exploring within and between network connectivity. In the ANOVA presented below, we include a between subject factor that we call genetic liability, to indicate that the participants were either individuals with schizophrenia or their siblings (SCZ) or healthy controls or their siblings (CON). Thus, these ANOVAs included genetic liability (SCZ versus CON) and family member type \[index (i.e., SCZ or CON) versus sibling (i.e., SCZ-SIB or CON-SIB)\] as between subject factors. Significant effects were further explored with planned comparison, using False Discovery Rate to control for multiple comparisons, to isolate the source of significant ANOVA effects. For the sake of brevity, we do not report main effects or interactions that include family member type, but do not also include genetic liability. Statistical analysis was conducted using R (Team, [@B85]) and visualized using ggplot2 library (Wickham, [@B90]).

Results
=======

Behavioral data
---------------

The accuracy data for the *N*-back task was analyzed using a repeated measures ANOVA with load (0B, 1B, 2B) as a within subject factor, and genetic liability (SCZ or CON) and family member type (index or sibling) as between subject factors. As shown in Table [1](#T1){ref-type="table"}, this ANOVA revealed a main effect of load \[*F*(2, 140) = 4.76, *p* \< 0.01\], a main effect of genetic liability \[*F*(1, 70) = 7.48, *p* \< 0.01\], a main effect of family member type \[*F*(1, 70) = 7.05, *p* = 0.01\], and a trend level load by genetic liability interaction \[*F*(2, 140) = 2.4, *p* = 0.09\]. Accuracy decreased as memory load went up, and the SCZ and SCZ-SIB performed worse than the CON and CON-SIB. The main effect of sibling group indicated that the index siblings performed overall worse. The reaction time data (median correct) also showed a significant main effect of load \[*F*(2, 140) = 92.0*, p* \< 0.001\], but no other significant main effects or interactions. Reaction times increased as a function of memory load across all groups.

Task versus rest and within-network connectivity
------------------------------------------------

The within-network ANOVA for task versus rest included genetic liability (SCZ or CON) and family member type (index or sibling) as between subject factors, and task \[0-back (0B) versus rest (R)\] and network (wDMN, wFP, wCO, and wCER) as within subject factors. This ANOVA revealed a significant effect of task \[F(1, 70) = 7.82, *p* = 0.006\], a significant effect of network \[F(3, 310) = 52.2, *p* \< 0.001\], and a significant task × network interaction \[F(3, 210) = 20.6, *p* \< 0.001\]. There were no significant effects of genetic liability, though there was a trend for a three-way interaction between task, network, and genetic liability \[F(3, 210) = 2.29, *p* = 0.08\]. To examine the source of task × network interaction we ran separate ANOVAs for each of the four networks employing FDR correction for multiple comparison across the tests. The results revealed a significant effect of task for all four networks. However the pattern of this effect differed across networks (see Figure [2](#F2){ref-type="fig"} for graphs collapsing across SCZ and SCZ-SIB and CON and CON-SIB; See Figure S4 in Supplementary Material for data plotted for each group individually). There was stronger connectivity within the DMN \[F(1, 70) = 10.4, *p* = 0.002\] and the FP \[F(1, 70) = 4.60, *p* = 0.035\] networks for 0B as compared to rest. In contrast, there was weaker connectivity within the CO \[F(1, 70) = 8.54, *p* = 0.005\] and the CER \[F(1, 70) = 31.7, *p* = 0.001\] networks for 0B compared to rest. The three-way interaction between network, task, and genetic liability was at trend level. This reflected the fact that the follow-up contrasts indicated a task × genetic liability interaction in wDMN \[F(1, 70) = 4.15, *p* = 0.045\] connectivity. Although this effect would not survive FDR correction for multiple comparisons, it suggested that SCZ and SCZ-SIB did not show a significant difference between 0B and rest in wDMN connectivity. No other networks demonstrated a significant task by group interaction (all *p*s \> 0.10).

![**Graph illustrating 0-back task versus rest within-network connectivity collapsed across siblings**. SCZ, individuals with schizophrenia and siblings of individuals with schizophrenia; CON, healthy controls and siblings of healthy controls; DMN, Default Mode Network; FP, Frontal--Parietal Network; CO, Cingulo-Opercular Network; CER, Cerebellar Network; w, within. Segments marked in blue indicate networks that showed significant main effects of task (0-back versus rest). The main effect of task is further illustrated by blue lines and shading showing data collapsed across all groups (mean and standard error). See Figure S4 in Supplementary Material for data plotted for each of the four groups separately.](fnhum-06-00137-g002){#F2}

Task versus rest and between network connectivity
-------------------------------------------------

The between network ANOVA for task versus rest also included genetic liability and family member type as between subject factors, and task (0B versus rest) and network (bDMN-FP, bDMN-CO, bDMN-CER, bFP-CO, bFP-CER, and bCO-CER) as within subject factors. This ANOVA revealed significant main effects of genetic liability \[F(1, 70) = 14.1, *p* \< 0.001\], network \[F(5, 350) = 46.1, *p* \< 0.001\], and task \[F(1, 70) = 17.1, *p* \< 0.001\] as well as significant task × network \[F(5, 350) = 5.6, *p* \< 0.001\] and network × genetic liability \[F(5, 350) = 4.07, *p* = 0.001\] interactions. To follow-up on the significant effects, we ran ANOVAs for each of the six between network connectivities employing FDR correction for multiple comparisons (see Figure [3](#F3){ref-type="fig"}). The significant network by task interaction reflected the fact that there was a significant effect of task for bDMN-FP \[F(1, 70) = 26.6, *p* \< 0.0001\], bDMN-CO \[F(1, 70) = 12.9, *p* \< 0.001\], and bDMN-CER \[F(1, 70) = 14.1, *p* \< 0.001\], but not for the other between network connections. The connectivity between the DMN and the other three networks was reduced in 0B versus rest (Figure [3](#F3){ref-type="fig"}). The significant network × genetic liability interaction reflected the fact that there was a significant effect of genetic liability for bFP-CER \[F(1, 70) = 13.9, *p* \< 0.001\] and bCO-CER \[F(1, 70) = 15.2, *p* \< 0.001\] connectivity, but not for the other between network connections. For both bFP-CER and bCO-CER, connectivity was overall lower in patients and their siblings compared to controls and their siblings (see Figure [3](#F3){ref-type="fig"}; Figure S5 in Supplementary Material).

![**Graph illustrating 0-back versus rest between network connectivity collapsed across siblings**. SCZ, individuals with schizophrenia and siblings of individuals with schizophrenia; CON, healthy controls and siblings of healthy controls; DMN, Default Mode Network; FP, Frontal--Parietal Network; CO, Cingulo-Opercular Network; CER, Cerebellar Network; b, between. Segments marked in blue indicate networks which showed significant main effects of task (0-back versus rest). The main effect of task is further illustrated by blue lines and shading showing data collapsed across all groups (mean and standard error). Segments marked in red indicate networks that showed a significant main effect of genetic liability (SCZ versus CON). The main effect of genetic liability is further illustrated by red lines and shading showing data collapsed across task conditions (mean and standard error for each group across task and rest). See Figure S5 in Supplementary Material for data plotted for each of the four groups separately.](fnhum-06-00137-g003){#F3}

Working memory load and within-network connectivity
---------------------------------------------------

The within-network ANOVA for working memory load again included genetic liability and family member type as between subject factors, and working memory load (0B, 1B, 2B) and network (wDMN, wFP, wCO, and wCER) as within subject factors. This ANOVA revealed a significant main effect of network \[F(3, 210) = 45.6, *p* \< 0.001\] and a significant load × network interaction \[F(6, 420) = 6.39, *p* \< 0.001\]. The main effect of genetic liability was not significant \[F(1, 70) = 0.07, *p* \> 0.9\] and there were no significant interactions with genetic liability (all *p*s \> 0.15). To determine the source of the load × network interaction, we computed separate ANOVAs for each of the four networks and employed FDR for multiple comparison correction. These ANOVAs revealed significant, but opposite effects, of load on connectivity within the DMN \[F(2, 140) = 13.4, *p* \< 0.0001\] and FP \[F(2, 140) = 13.0, *p* \< 0.0001\] networks. Connectivity decreased with increasing load within DMN, but increased with load within FP network (see Figure [4](#F4){ref-type="fig"}; Figure S6 in Supplementary Material). We should again note that while the network × load × genetic liability interaction was not significant, the follow-up contrasts did indicate a genetic liability × load interaction in wDMN connectivity \[F(2, 140) = 3.67, *p* = 0.028\]. This effect would not survive FDR correction for multiple comparisons, but did reflect the fact that the decrease in wDMN connectivity as a function of memory load was less in SCZ and SCZ-SIB than in CON and CON-SIB.

![**Graph illustrating within-network connectivity as a function of working memory load collapsed across siblings**. SCZ, individuals with schizophrenia and siblings of individuals with schizophrenia; CON, healthy controls and siblings of healthy controls; DMN, Default Mode Network; FP, Frontal--Parietal Network; CO, Cingulo-Opercular Network; CER, Cerebellar Network; w, within. Segments marked in green indicate networks that showed significant main effects of working memory load (0B, 1B, 2B) and the gray lines further illustrate the significant main effect of load across groups (mean across groups). See Figure S6 in Supplementary Material for data plotted for each of the four groups separately.](fnhum-06-00137-g004){#F4}

Working memory load and between network connectivity
----------------------------------------------------

Finally, the effects of working memory load and genetic liability on between network connectivity was tested using the same ANOVA design as for within-network connectivity. The results revealed significant main effects of genetic liability \[F(1, 70) = 16.1, *p* \< 0.001\], network \[F(5, 350) = 64.1, *p* \< 0.001\], and working memory load \[F(2, 140) = 12.2, *p* \< 0.001\]. In addition, the genetic liability × network \[F(5, 350) = 2.48, *p* = 0.031\] and working memory load × network \[F(10, 700) = 6.17, *p* \< 0.001\] interactions were also significant. To examine the source of the working memory load × network interaction, we conducted separate ANOVAs for each of the six between network connections, using FDR to control for multiple comparisons. These analyses revealed significant effects of working memory load on bDMN-CO \[F(2, 140) = 7.9, *p* \< 0.001\], bFP-CO \[F(2, 140) = 21.4, *p* \< 0.0001\], and bFP-CER \[F(2, 140) = 7.93, *p* \< 0.001\] connectivity, but not for the other between network connections. The significant genetic liability × network interaction reflected the fact that we also observed significant main effects of genetic liability for bFP-CER \[F(1, 70) = 14.1, *p* \< 0.001\] and bCO-CER \[F(1, 70) = 8.78, *p* = 0.004\] connectivity, but not for the other between network connections. For both bFP-CER and bCO-CER, connectivity was overall lower in SCZ and their siblings compared to CON and their siblings (see Figure [5](#F5){ref-type="fig"}; Figure S7 in Supplementary Material). Importantly, however, these effects did not further interact with load. Thus, even though connectivity was overall lower for bFP-CER (which showed a main effect of working memory load) in SCZ and SCZ-SIB, SCZ, and SCZ-SIB still showed an increase in bFP-CER connectivity as load increased.

![**Graph illustrating between network connectivity as a function of working memory load collapsed across siblings**. SCZ, individuals with schizophrenia and siblings of individuals with schizophrenia; CON, healthy controls and siblings of healthy controls; DMN, Default Mode Network; FP, Frontal--Parietal Network; CO, Cingulo-Opercular Network; CER, Cerebellar Network; b, between. Segments marked in green indicate networks that showed significant main effects of working memory load (0B, 1B, 2B) and the gray lines further illustrate the significant main effect of load across groups (mean across groups). Segment marked in orange showed both a significant main effect of load and a significant main effect of genetic liability (SCZ versus CON). The segment marked red indicates the network that showed only a significant main effect of genetic liability (SCZ versus CON). The red lines further illustrate the statistically significant effects of genetic liability (mean and standard error for each group across memory loads). See Figure S7 in Supplementary Material for data plotted for each of the four groups separately.](fnhum-06-00137-g005){#F5}

Relationship to clinical and cognitive variables
------------------------------------------------

In our previous work on resting state connectivity in this sample, we had found that bFP-CER connectivity (which was lower in SCZ and SCZ-SIB) predicted neuropsychological performance on IQ, working memory, episodic memory, and executive function assessed outside of the scanner. In addition, bFP-CER predicted disorganization symptoms. Thus, we wished to examine whether connectivity during task also predicted cognitive function, either on the working memory task performed in the scanner, or on the neuropsychological measures assessed outside of the scanner. We focused on the connectivity measures that differed between groups: bFP-CER, bFP-CO, and wDMN. For task connectivity, we examined the average connectivity across working memory loads, since none of the significant group differences interacted with load. We computed partial correlations between the connectivity measures and the cognitive and clinical measures, controlling for group status. Neither the resting state nor task connectivity measures for DMN displayed any significant correlations. However, as shown in Table [2](#T2){ref-type="table"}, resting state bFP-CER connectivity again predicted better cognitive performance (working memory, episodic memory, and executive function) and fewer disorganization symptoms, though these are not new results given that this sample closely resembled the one in our prior study. As can be seen in Figure S9 in Supplementary Material, the relationship between bFP-CER and cognitive performance are consistent across groups. In contrast, as shown in Figure S10 in Supplementary Material the relationship between bFP-CER and disorganization symptoms is being driven by the SCZ, who have the most variance. Resting state bFP-CER (see Figure S8 in Supplementary Material) also predicted better performance on the *N*-back task (1-back accuracy), a result that was significant even among the SCZ and SCZ-SIB individually, but with similar trends in the CON and CON-SIB. In contrast, the task connectivity measures were not nearly so consistently associated with the cognitive variables, and were not associated with the clinical variables. Stronger task bFP-CER connectivity was not associated with better working memory performance. However, stronger task bCO-CER connectivity was actually associated with worse 0-back performance. We also present scatterplots for these correlations in Figures S8--S10 in Supplementary Material.

###### 

**Correlations between connectivity measures and cognitive and clinical variables**.

                                   Connectivity type                      
  -------------------------------- ------------------- --------- -------- -----------
  ***N*-BACK PERFORMANCE (*r*)**                                          
  0-back                           0.20                0.19      0.01     −0.32\*\*
  1-back                           0.35\*\*            0.25\*    0.03     −0.16
  2-back                           0.22                0.20      0.09     −0.07
  **COGNITIVE DOMAINS**                                                   
  IQ                               0.18                0.24\*    0.11     −0.03
  Working memory                   0.32\*\*            0.19      0.28\*   0.09
  Episodic memory                  0.33\*\*            0.19      0.20     0.15
  Executive function               0.34\*\*            0.30\*    0.17     0.04
  **CLINICAL DOMAINS**                                                    
  Positive symptoms                0.01                −0.13     −0.09    −0.08
  Negative symptoms                −0.20               −0.15     −0.07    −0.02
  Disorganization                  −0.26\*             −0.25\*   0.01     −0.08

*\**p* \< 0.05; \*\**p* \< 0.01*.

Discussion
==========

The goal of the current study was to examine the degree to which changes in functional connectivity in schizophrenia were dependent on the cognitive state of the individual (rest versus during working memory task performance) as a means to shed light on the potential mechanisms leading to altered functional connectivity in this illness. As a brief summary, we found that connectivity within the DMN and FP increased significantly between resting state and 0-back, while connectivity within the CO and CER decreased significantly between resting state and 0-back. Further, the DMN became significantly more "anti-correlated" with the FP, CO, and CER networks during 0-back as compared to rest. Additionally, we found that connectivity within both the DMN and FP was further modulated by memory load, and that connectivity between the FP and both CO and CER networks increased with memory load. Individuals with schizophrenia and their siblings showed consistent reductions in connectivity between both the FP and CO networks with the CER network, a finding that was similar in magnitude across rest and all levels of working memory load. The latter results are consistent with the hypothesis that functional connectivity changes associated with genetic liability to schizophrenia reflect stable alterations in brain connectivity that are not dependent on the state of the individual. We discuss each of these findings in more detail below.

Connectivity changes as a function of task state and memory load
----------------------------------------------------------------

Consistent with prior work, we found that connectivity both within and between networks changed as a function of task state and working memory load (see Figure [6](#F6){ref-type="fig"} for a summary). Specifically, we found that connectivity within the FP increased during 0-back compared to rest, and continued to increase as a function of load. These findings are consistent with prior studies showing such connectivity increases among regions involved in the FP during working memory (Honey et al., [@B44]; Woodward et al., [@B93]; Ma et al., [@B56]; Nagel et al., [@B63]; Newton et al., [@B64]). The pattern of connectivity changes within the DMN was more complicated. Connectivity increased from rest to 0-back, generally consistent with the finding of Newton et al. ([@B64]). However, connectivity then decreased again at 1-back, and even further at 2-back. Newton also found that DMN connectivity decreased at the highest working memory loads (though this was 3-back) and other researchers have found significant decreases in connectivity within the DMN during 2-back as compared to rest (Fransson, [@B39]). Thus, it is clear that DMN connectivity is modulated by task engagement and working memory load, but the exact pattern is more variable across studies than in the FP. In contrast to FP and DMN, connectivity within the CO and the CER networks decreased from rest to 0-back, but did not show any further load modulation. Such results suggest that connectivity within the CO and CER networks may dynamically reorganize as a function of overall task engagement, but not based on changes in difficulty within the task (e.g., load). This interpretation is broadly consistent with the suggestion that the CO network is involved in stable task set maintenance (Dosenbach et al., [@B27], [@B25], [@B24]), while the FP may be more involved in dynamic modulation of task sets.

![**Figure illustrating the pattern of changes in connectivity both within and between networks as a function of task state, memory load, and genetic liability**.](fnhum-06-00137-g006){#F6}

Interestingly, connectivity between the DMN and all three other networks became more negative in the 0-back conditions as compared to rest, and stayed stable across memory loads for DMN connectivity to FP and CER. However, DMN to CO connectivity became more similar to rest with increased memory load. The findings for DMN connectivity to FB and CER are consistent with prior work showing that at least parts of the DMN become more "anti-correlated" with the task-positive network during working memory performance (Leech et al., [@B51]). Further, such findings are consistent with the argument that effective task performance is associated with decreased activity in DMN regions as means of suppressing "off-task" cognitions (Shulman et al., [@B79]; Anticevic et al., [@B4]). However, other researchers have not always found significant increases in DMN anti-correlation with task-positive networks during task versus rest (Hampson et al., [@B41]; Newton et al., [@B64]), though this reflect power issues given the relatively small sample sizes in these prior studies.

Connectivity between the FP, CO, and CER networks did not change significantly between rest and 0-back. However, connectivity between the FP and both the CO and CER networks increased significantly as a function of memory load. The increased connectivity between FP and CO is consistent with several prior studies (Woodward et al., [@B93]; Nagel et al., [@B63]) and with the role of FP in dynamic task set modulation (Dosenbach et al., [@B27]). Further, it is consistent with the role of the CO in responding to errors and task conflict that may increase as a function of memory load (Botvinick et al., [@B12], [@B13]). The increased connectivity between FP and CER as a function of memory load is also consistent with the fact that errors increase as a function of memory load, perhaps reflecting an enhanced need for error processing mechanisms supported by the CER (Ide and Li, [@B45]), which may signal the need for increased control provided by the FP network.

Connectivity changes associated with genetic liability to schizophrenia as a function of task state and memory load
-------------------------------------------------------------------------------------------------------------------

We found very consistent evidence across task states and memory loads for altered connectivity in individuals with schizophrenia and their siblings, with reductions between the FP and CO networks and the CER network (see Figure [6](#F6){ref-type="fig"}). These connectivity reductions were present both at rest and across all working memory loads. The resting state findings are not new, and were the focus of a previous report (Repovs et al., [@B73]). However, the presence of similar changes in connectivity during working memory is a novel finding. Importantly, the magnitude of these connectivity reductions did not change as a function of task state. Further, individuals with schizophrenia and their siblings still showed significant increases in connectivity between FP and CER as a function of memory load, despite an overall reduction in connectivity. Additionally, the individuals with schizophrenia and their siblings also showed similar changes in connectivity between the FP and CO networks, as well as between the DMN and CO networks and within both the DMN and FP networks, as a function of memory load (though the genetic liability effects involving the DMN would not pass FDR correction). This pattern of results suggests two important things about the source of connectivity changes in schizophrenia. First, they suggest that these connectivity changes in schizophrenia patients and their siblings are unlikely to be due to confounding factors such as differences in what patients are thinking about during rest state scans, as the imposition of a structured task state did not alter the pattern of connectivity changes. Second, the fact that patients and their siblings showed a relatively intact ability to modulate connectivity as a function of task demands suggest that these connectivity changes are not simply the results of decreased task engagement. Instead, this pattern of results is more consistent with connectivity changes reflecting a more fundamental and/or trait like change in brain connectivity. Third, the fact that similar changes were seen in the individuals with schizophrenia and their siblings suggests that the results are likely more indicative of genetic liability to schizophrenia, rather than manifest disease itself. Functional connectivity is not isomorphic with structural connectivity (at least in terms of single synapse connections) and thus one cannot directly interpret alterations in function connectivity as reflecting alterations in structural connectivity. However, findings such as these point to the need to more directly examine the degree to which changes in functional connectivity are reflective of changes in white matter integrity and connections in schizophrenia. A growing number of studies have started to address this question, finding important initial evidence for overlap and interrelations between structural and functional connectivity changes in schizophrenia (Liu et al., [@B53], [@B52]; Pomarol-Clotet et al., [@B68]; Camchong et al., [@B17]), and this is clearly an area ripe for additional research.

We also examined the relationship between individual differences in wDMN, bFP-CER, and bCO-CER connectivity and symptoms, neuropsychological performance and working memory task performance during fMRI scanning. Connectivity between CO and CER and connectivity within the DMN network did not predict cognitive performance or symptoms. However, as found in our prior work in this sample (Repovs et al., [@B73]), greater connectivity between the FP and CER networks predicted better performance on neuropsychological measures of working memory, episodic memory, and executive function, as well as fewer disorganization symptoms. Importantly, we also found that greater FP to CER connectivity predicted better accuracy on the *N*-back task (1-back condition) performed during fMRI scanning. Interestingly, however, these relationships were only significant for resting state connectivity and not for task connectivity. This was somewhat surprising to us, as we would have predicted greater relationships for task as compared to resting state connectivity. For the neuropsychological measures, the general patterns were the same for task and resting state connectivity, but this was not true for *N*-back performance or symptoms. Such findings could indicate that resting state data is a more sensitive indicator of functional connectivity changes relevant for cognitive performance and symptom manifestation, but such results need to be replicated in order to be confident in such an interpretation.

Of note, the primary analyses of within-network connectivity as a function of either task or memory load did not provide robust evidence for changes in individuals with schizophrenia or their siblings. However, the follow-up contrasts did reveal some evidence for altered connectivity within the DMN among individuals with schizophrenia, with less modulation of DMN as a function of task state and memory load. Although not robust, these findings are consistent with a number of other studies suggesting reduced DMN activity in schizophrenia during rest (Bluhm et al., [@B10], [@B11]; Ongur et al., [@B67]; Rotarska-Jagiela et al., [@B74]; Camchong et al., [@B17]) and during task (Garrity et al., [@B40]; Kim et al., [@B48],[@B49]; Meda et al., [@B58]), though other studies have also found increased DMN activity in this illness (Whitfield-Gabrieli et al., [@B89]) or no differences in DMN connectivity (Woodward et al., [@B92]). These findings suggest that the exact patterns of DMN connectivity changes in schizophrenia are quite variable, and may be dependent both on task and sample characteristics, factors that need to be systematically examined in future studies.

It is of further interest to note that we found the most consistent connectivity changes in individuals with schizophrenia and their siblings in connections involving the CER, and the most consistent individual difference relationships were with the magnitude of connectivity between the FP and CER networks. These results are consistent with previous suggestions that cognitive impairments in schizophrenia reflect deficits in cortical--subcortical--cerebellar circuits (Andreasen et al., [@B1]; Andreasen and Pierson, [@B2]). There has been increasing interest in the cognitive and affective processing functions of the CER in recent years (Stoodley and Schmahmann, [@B81]; Koziol et al., [@B50]; O'Halloran et al., [@B65]), but it is not yet clear exactly how the CER contributes higher level cognition. One speculation is that the CER may play a key role in learning from errors, and in the timing and sequencing of a range of cognitive functions (Fiez et al., [@B33]; Fiez, [@B32]; Ravizza et al., [@B72]; Ben-Yehudah et al., [@B9]; Strick et al., [@B82]; Durisko and Fiez, [@B28]). Thus, disruptions in the coordination of CER activity with other networks may have major implications for impairments in cognitive adaptation and coordination, and may be relevant for understanding genetic liability to schizophrenia.

Limitations
-----------

There were several limitations in the current study. First, all of the individuals with schizophrenia were taking antipsychotic medication, and some prior research has suggested that medications may alter connectivity in schizophrenia (Lui et al., [@B54]). However, we found similar results in the siblings of individuals with schizophrenia, and none of the siblings were taking antipsychotic medications. This makes it unlikely that our primary findings were artifacts of medication status. Second, our prior study on resting state connectivity also found reductions in FP to CO connectivity among individuals with schizophrenia and their siblings. We did not find such changes in the current study, although the pattern was in the same direction in all conditions (lower connectivity in SCZ and SCZ-SIB). This could reflect the fact that some participants included in the prior study were not included in the current study, as they did not have task connectivity data. Alternatively, it could reflect the more stringent movement correction procedures implemented in the current study, based on the recently published work of Power and Petersen (Power et al., [@B69]). We also saw some trend level genetic liability effects involving the DMN, which did not pass FDR correction. It is possible this reflected power issues. With our sample size, we have 67% power to detect a medium effect size for the main effect of genetic liability in the task versus rest analysis, and 74% power in the working memory load analyses. At minimum however, our results suggest that the genetic liability effects on bFP-CER and bCO-CER connectivity changes were stronger than any such effects on connectivity involving DMN. One might also be concerned that including the siblings of individuals with schizophrenia and looking for main effects of genetic liability or interactions between genetic liability and family member type might have reduced power. To address this concern, we repeated all analyses with just the healthy controls and their siblings (treated as a single control group) and individuals with schizophrenia, excluding the siblings of the individuals with schizophrenia. As reported in the Supplementary Material, these analyses provided essentially identical results to the main analyses, suggesting that the inclusion of the siblings of individuals with schizophrenia did not mask any significant effects in the individuals with schizophrenia and that the inclusions of individual who shared some genetic relationship did not create spurious statistical results.

Conclusion
==========

In summary, the current study provided robust evidence for reduced connectivity between the FP and CER networks and the CO and CER networks among individuals with schizophrenia and their siblings. These changes were present both at rest and during working memory task performance, and the magnitude of group differences in connectivity did not change as a function of task state or memory load. Such findings suggest that connectivity changes between networks involved in both dynamic and stable task control and error processing in schizophrenia reflect fundamental changes in brain connectivity that are not secondary to task engagement or other state related factors, and which may reflect genetic liability to the illness. Further, changes in FP to CER connectivity predicted neuropsychological performance, symptoms, and *N*-back performance, though these relationships were stronger for resting state than task-based connectivity. These findings point to the need to examine the influence of changes in white matter integrity on alterations in functional connectivity, as a means to understand the causes of these robust changes in functional connectivity in schizophrenia that cut across task states and are present both in individuals with manifest illness and those genetically at risk for schizophrenia.
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